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Epigenetic chromatin repression mediated by trimethylation of histone H3 Lys 27 (H3K27) is an evolutionarily conserved mechanism with important regulatory roles in higher eukaryotes. Trimethylation (H3K27me3) of H3K27 is catalyzed by Polycomb Repressive Complex 2 (PRC2) via its Enhancer of Zeste homolog 2 (EZH2) and EZH1 subunits. On the other hand, H3K27me3 repressive marks can be erased by histone demethylases at specific developmental stages (Cao and Zhang, 2004; Schubert et al., 2006; Agger et al., 2008; Hennig and Derkacheva, 2009; Ingouff et al., 2010) . The histone methyltransferase activity of EZH2 is dependent on its assembly with several other PRC2 subunits such as ESC, SUZ12, and p55/ RbAp48 (Cao and Zhang, 2004; Yoo and Hennighausen, 2012) . The Arabidopsis (Arabidopsis thaliana) genome encodes 3 EZH2 homologs, including CURLY LEAF (CLF), SWINGER (SWN), and MEDEA (MEA); 1 ESC protein (FERTILIZATION-INDEPENDENT ENDOSPERM; FIE); and more than 30 putative demethylases of the jmjC and LSD1 (Chanvivattana et al., 2004; Hennig and Derkacheva, 2009) . Genetics and genomic studies have identified CLF as the major H3K27 methyltransferase, with SWN sharing partially redundant function. Furthermore, there is evidence that the maternal allele of MEA is specifically expressed during early seed development, FIE is a core component of PRC2, and Early Flowering 6 (ELF6) and its homolog REF6 are functional demethylases (Chanvivattana et al., 2004; Schultes et al., 2005; Spillane et al., 2007; Lafos et al., 2011; Lu et al., 2011; Holec and Berger, 2012; Deng et al., 2013; Crevillén et al., 2014) .
In animal cells, PRC2 is required to maintain normal embryogenesis and prevent inappropriate cell differentiation (Hansen et al., 2008) . Ectopic expression of EZH2 in humans can result in several proliferative and neoplastic disorders, including carcinoma, sarcoma, lymphoma, leukemia, and myeloproliferative disorder (Fiskus et al., 2009; Ernst et al., 2010; Xu et al., 2013) . Different from PRC2 in animal cells, plant PRC2 shows the ability to promote cell differentiation (Aichinger et al., 2009) . In Arabidopsis, transcriptional repression by PRC2 regulates genes specifying leaf morphology, vegetative to reproductive phase transition, cell pluripotency, and floral organogenesis (Schubert et al., 2006; Spillane et al., 2007; Hennig and Derkacheva, 2009; Lafos et al., 2011; Lu et al., 2011; Zheng and Chen, 2011; He et al., 2012) .
Being heritable during cell division, H3K27me3 marks can be transmitted to the next developmental stage (Hansen et al., 2008; Ingouff et al., 2010) . In animal cells, genomic evidence indicates that 85% of H3K27me3 marks in embryonic stem cells can be transmitted to hemopoietic cells during differentiation (Young et al., 2011) . Maintenance of repressive marks is necessary for normal embryogenesis and determination of cell identity (Hansen et al., 2008) . In Arabidopsis, H3K27me3 modifications are preferentially enriched on genomic regions with putative transcription activities. Around 15 to 28% genes are with associated H3K27me3 marks in seedlings (Zhang et al., 2007; Lafos et al., 2011) . Recent studies showed that the majority (91% and 89%, respectively) of H3K27me3 marks are transmitted to the next developmental stage during meristem-to-leaf and leaf-to-callus transition (Lafos et al., 2011; He et al., 2012) . However, expression levels of the majority of these genes, even for many with high levels of H3K27me3 modifications, have not been shown to be derepressed in clf and swn mutants at the same developmental stages (Farrona et al., 2011) . It has been reported that a large-scale replacement and reprogramming of histone H3 occurred in the zygotic nucleus during fertilization in animals and plants (Ooi et al., 2006; Ingouff et al., 2010; Santenard et al., 2010) . A recent study showed that H3K27me3 modifications on Flowering Locus C (FLC) were erased by ELF6 histone demethylase during Arabidopsis seed development (Crevillén et al., 2014) . Double mutant of clf and swn showed somatic embryo phenotype, suggesting that PRC2-regulated genes may be involved in embryonic development (Chanvivattana et al., 2004) . A high CLF expression level in embryos also suggests that CLF may play roles in postfertilization development (Spillane et al., 2007) . Based on these observations, we hypothesized that the majority of H3K27me3 marks detected in seedlings may have been retained at a maintenance status. Thus, large-scale PRC2-mediated transcriptional repression may be a tissue-specific event and may occur at an early developmental stage(s) after fertilization and prior to seed germination. Furthermore, given the high complexity of the epigenetic gene-silencing network, eukaryotic organisms may evolve gene regulatory modules in which a large number of genes with various molecular functions within pathways can be deliberately and coordinately repressed to modulate biological traits for evolutionary adaptation.
Here, we found that CLF-mediated repression is highly tissue-specific on a genome-wide basis.
CLF-repressed genes (CRGs) were preferentially expressed and repressed by CLF in several embryonic tissues at the mature-green stage. Plants of clf showed phenotypes of cell size and lipid biosynthesis during embryonic development. We also detected transcriptional repression and H3K27me3 modifications on several regulatory genes controlling these morphological traits. Combining RNA-sequencing (RNA-seq) results, H3K27me3 datasets, and genetic evidence, we proposed a rheostat module to explain coordination of PRC2-mediated transcriptional silencing of genes in multiple pathways to govern expression of biological traits.
RESULTS

CLF Represses a Large Number of Genes in Embryos at the Mature-Green Stage
Recently, a clf loss-of-function allele (clf-28) was isolated, which shows comparable PRC2-deficient phenotypes but is capable of producing a moderate amount of seeds (Farrona et al., 2011; Deng et al., 2013) . We sequenced 24 cDNA libraries obtained from roots, shoots, inflorescences, and siliques of Arabidopsis wild-type and clf-28 samples using strand-specific RNA-seq protocols with three biological replicates (Supplemental Data Set S1). On average, around 83% of the sequences could be aligned to the Arabidopsis TAIR10 genome using TopHat (Trapnell et al., 2009) . Using transcriptome assembly and differential expression analysis (fold-change $2, DESeq P-value , 0.01, false discovery rate , 0.1; Liu et al., 2012) , we identified 3,744 significantly up-regulated genes in clf-28 plants ( Fig. 1A ; Supplemental Data Set S2), which collectively account for approximately 11.6% of 32,243 annotated genes in the Arabidopsis TAIR10 genome. The majority (3,729, 99.6%) of these genes were preferentially repressed by CLF in specific organs, and 2,038 (54%) were derepressed in clf-28 siliques (Supplemental Data Set S2). The expression level of the CRGs was significantly lower than that of other genes in wildtype siliques (P-value of Mann-Whitney-Wilcoxon test , 1.2e 25 ) but became significantly higher than that of other genes in clf-28 siliques (P-value , 2.2e 216 ), indicating a genome-wide transcriptional repression by CLF in siliques (Fig. 1D ). FLC and AGAMOUS (AG) are 2 extensively investigated loci decorated with H3K27me3 marks (Bowman et al., 1989; Schubert et al., 2006; Crevillén et al., 2014) . On the FLC locus, H3K27me3 modifications are programed/reprogrammed during embryonic development and can be further enhanced during the vernalization process (Heo and Sung, 2011; Crevillén et al., 2014) , whereas H3k27me3-mediated chromatin repression on AG locus mainly occurs after germination (Saleh et al., 2007) . In our dataset, genes derepressed by CLF in siliques showed a similar regulation pattern like that of FLC rather than that of AG (Supplemental Fig. S1 ).
To further investigate developmental specificities of CRGs during postfertilization, we profiled transcriptome at four different stages of silique development using RNA-seq (Supplemental Fig. S2 ). We identified 5,608 stage-specific genes (Supplemental Data Set S3). Further analysis showed that the CRGs were preferentially expressed in 11-to 20-d-old maturing siliques ( Fig. 1B; Supplemental Fig. S3 ), within which embryos were at approximately the mature-green stage. Fig. 1E shows a representative cluster of genes preferentially expressed in developing siliques, in which 93 CRGs in siliques were over-represented (41%, P-value of hypergeometric-test enrichment, P-value-H , 1.9 e
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). Ratios of fragments mapped of assembled transcripts changes were used for clustering. Genes in A-C were shown in the same cluster order. B, Expression levels of CRGs in siliques at four different stages. C, Histone modifications on the genomic regions of CRGs in seedlings. Red arrows indicate some CRGs with high levels of H3K27me3 modifications. D, Distribution of expression of CRGs and other genes in siliques of wild type and clf-28. E, Relative expression levels of a gene cluster showing differential expression pattern at four different silique stages. Blue line shows average relative expression levels. F, Relative expression levels of CRGs in 42 embryonic compartments at six stages of seed development (Zuber et al., 2010) . Samples were as described in Supplemental Data Set 1. Average expression levels in globular embryo were used as the reference for comparison (P-value of Empirical-Bayes t test , 0.01, foldchange cutoff . 8). (G) Representative GO enrichments of CRGs in four organs. "NS" means nonsignificant.
To extend our analysis to the tissue-/cell-type level, we compared our results with 87 published microarray datasets profiling 42 tissues and/or cell types isolated by laser capture microdissection at six different stages of embryo development (Le et al., 2010; Zuber et al., 2010; Belmonte et al., 2013) and reanalyzed the datasets according to the Arabidopsis TAIR10 annotation. CRGs were preferentially expressed at the late stages of embryo development, especially in several tissue/ cell types at the mature-green stage, such as embryo proper, peripheral endosperm, chalazal endosperm, chalazal seed coat, and seed coat, followed by the bending-cotyledon and the linear-cotyledon stages ( Fig. 1F ; Supplemental Data Set S1). On the other hand, CLF was highly expressed in the embryo proper at the preglobular stage and the globular embryo stage, and its expression decreased along with embryo development (Supplemental Fig. S1 ). This is consistent with previous study that CLF is detectable at early stage(s) of embryo development (Spillane et al., 2007) . The developmental stage-specific expression pattern of CRGs was also similar to that of FLC with preferentially expression at the mature-green stage. By contrast, AG is expressed at the preglobular and globular embryo stages (Supplemental Fig. S1 ). Our result is consistent with a recent study that shows that reprogramming of H3K27me3 on FLC mainly occurs at the mature-green stage of embryo development (Crevillén et al., 2014) .
Next, we isolated developing embryos at the maturegreen stage from wild-type and clf-28 siliques and profiled transcriptome of these samples using strandspecific RNA-seq experiments with two biological replicates (Supplemental Data Sets S1 and S2). Of the 2,038 CRGs in siliques, expression levels of 328 CRGs were also significantly up-regulated in clf-28 embryos at the mature-green stage (Supplemental Fig. S4 ). Note that these genes include many important regulatory genes for late embryo development (Supplemental Fig.  S4 ). We further verified expression levels of the stagespecific marker genes in clf-28 and wild-type embryos by quantitative RT-PCR (qRT-PCR), confirming that the RNA libraries were derived from embryos at the mature-green stage (Supplemental Fig. S4 ).
CLF Regulates Gene Sets Specifying Seed Size and Lipid Biosynthesis during Postfertilization Development
Using Gene Ontology (GO) analysis (Zheng and Wang, 2008; Zhang et al., 2010) , we uncovered distinctive biological functions of CRGs in siliques. Consistent with previous studies (Kim et al., 2010; Bouyer et al., 2011) , CRGs repressed in roots and/or shoots were mostly involved in stress response and hormone signaling pathways ( Fig. 1G ; Supplemental Data Set S4), whereas newly identified CRGs that were repressed in siliques preferentially encode proteins associated with lipid particles, lipid storage, and seed maturation, in addition to hormonal responses. To complement function enrichment analysis, we also found that several derepressed transcription factor (TF) genes in clf-28 siliques were involved in regulating lipid biosynthesis and controlling organ size and/or embryonic development (Supplemental Data Set S5). Although, these CLF-repressed TFs and downstream targets belong to various pathways, genetic evidence showed that they have related biological functions in regulating seed size. Taken together, we found that although CRGs repressed in siliques are involved in diversified pathways, they congregate as gene sets to execute similar biological functions. To simplify CRG networks, we defined a set of genes controlled by the same regulator and cooperating to affect a similar biological process or physiological function as a molecular module. Our results indicate CLF may regulate molecular modules specifying seed size and lipid biosynthesis during postfertilization development.
Morphological Phenotypes Confirm Biological Functions of CLF-Regulated Molecular Modules
Next, we investigated morphological changes of clf-28. Consistent with previous studies (Hennig and Derkacheva, 2009; Lafos et al., 2011) , clf-28 plants showed multiple developmental defects in vegetative and reproductive organs such as reduced biomass, fewer and shorter siliques, and reduced seed number (Supplemental Fig. S5 ). This notwithstanding, clf-28 seeds were larger than wild-type seeds ( Fig. 2A) , and the weight of clf-28 seeds increased to 175% that of wild-type seeds (Supplemental Fig. S6 ). Paraffin section showed that the cell size of clf-28 seeds increased to 140% that of wild type (Fig. 2B) . Electron microscopic examination of seed sections showed that clf-28 seeds contained similar number of cells as wild-type seeds (Fig. 2C) . Since clf-28 seeds have the same number of cell layers as wild-type seeds, the increased seed size of clf-28 can be largely accounted for by the cell size increase. The cell size increase in clf-28 seeds verifies the regulation by CLF on seed size gene module.
Consistent with the existence of CLF-regulated molecular module controlling lipid biosynthesis (Fig. 1H) , clf-28 seed oil content increased to 146% that of wild type, and the total oil yield per 100 seeds in clf-28 seeds reached approximately 255% that of wild-type seeds (Supplemental Fig. S6 , A-C). Oil bodies (OBs) are major oil storage organelles in plant seeds (Siloto et al., 2006) . The sizes and shapes of OBs are determined by a balance between the amount of storage oil and the abundance of oleosin family proteins (OLEs) covering OBs (Siloto et al., 2006) . We found OBs in clf-28 seeds were larger than those in wild type ( Fig. 2D ; Supplemental  Fig. S7 ), reflecting altered levels of storage oil and OLEs. Using gas chromatography, we found altered fatty acid composition and increased eicosenoic acid (C20:1) levels in clf-28 seeds ( Fig. 2E; Supplemental Fig. S6D ). Our results showed that CLF regulates embryonic lipid biosynthesis not only in terms of accumulation levels but also in the fatty acid composition.
To further confirm the function of CLF, we isolated another clf mutant allele, salk_088542, which carries a T-DNA insertion in the 13th intron of CLF. The T-DNA insertion may possibly perturb transcription and intron splicing or trigger nonsense-mediated mRNA decay of the aberrant mRNA produced. Mutant plants of salk_088542 displayed similar phenotypes as clf-28 plants, such as curved leaves, early flowering, and bigger seeds compared to wild type (Supplemental Fig. S8 ). Consistent with this phenotype, RT-qPCR experiments verified that AG and FT were highly expressed in 2-week-old salk_088542 seedlings. Expression levels of FUS3, ABI3, WRINKLED 1 (WRI1), and genes controlling cell size and biosynthesis pathways were elevated in developing siliques of salk_088542 compared to wild type (Supplemental Fig. S8 ).
H3K27me3 Marks on CRGs Are Modified by PRC2
The high heritability of H3K27me3 transmission through development stages suggested that a proportion of H3K27me3 marks modified during postfertilization may possibly be maintained in seedlings (Hansen et al., 2008; Lafos et al., 2011; He et al., 2012) . We determined H3K27me3 enrichment in the Arabidopsis genome by reanalysis of Chromatin-Immunoprecipitationon-chip (ChIP-chip) datasets derived from seedling samples (Supplemental Data Set S1; Oh et al., 2008; Bouyer et al., 2011; He et al., 2012) . The genomic regions encoding 1,723 (46%) of the 3,744 CRGs showed a significant enrichment (P-value-H , 1.5e
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) of H3K27me3 epigenetic marks ( Fig. 1C ; Supplemental Data Set S2). Of these CRGs with H3K27me3 marks, 935 (54%) also showed a tissue-preferential derepression in clf-28 siliques (Fig. 1A) .
Being the only Arabidopsis homolog of the ESC protein serving as a core component of PRC2, FIE can interact with CLF (Katz et al., 2004; Deng et al., 2013) . By reanalysis of public ChIP-chip datasets based on a custom array (Bouyer et al., 2011) , we found that the majority (approximately 98%) of H3K27me3 modifications on CRGs were abolished in fie seedlings (Supplemental Fig. S9A ), which is consistent with a previous study. Moreover, by analysis of FIE binding sites on genomic DNA (Deng et al., 2013) , we found that FIE was significantly associated with approximately 15% of these genes (P-value-H , 1.0e 26 ; Fig. 3A ). These lines of evidence confirmed that the H3K27me3 marks on CRGs were modified by FIE/PRC2 and suggested that those CRGs with H3K27me3 marks are more likely to be CLF direct targets. Hereafter, these genes are designated as putative CLF-targeted genes (pCTGs). In addition, we verified expression levels of several pCTGs using qRT-PCR and their H3K37me3 levels by locus-specific PCR on ChIP-derived DNA-materials (ChIP-PCR; Supplemental Fig. S10 ).
CLF Coordinates Key Regulators within Molecular Modules
In Arabidopsis, organ size is controlled by more than 50 regulatory genes (Breuninger and Lenhard, 2010; Petricka et al., 2012) . Based on genetic evidence (Breuninger and Lenhard, 2010) , genes controlling organ size can be classified into three subgroups: genes regulating cell number, genes regulating cell size, and other regulatory genes (Supplemental Data Set S6). In clf-28, we found that 12 organ-size genes were derepressed in siliques, and most of these genes regulate cell size but not cell number (P-value-H , 1.1e 24 ; Supplemental Data Set S6). Among them, AIL5, AIL6, ARGOs, and CYP78A7 carrying H3K27me3 marks are pCTGs (Supplemental Fig. S9 ). By analysis of public microarray datasets derived from tissue/cell types samples of embryos (Le et al., 2010; Zuber et al., 2010; Belmonte et al., 2013) , we found these five organ-size genes were preferentially expressed at the mature-green, bentcotyledon, and/or the linear-cotyledon stages (Supplemental Fig. S11 ). Experimental verification by qRT-PCR confirmed their derepression in clf-28 siliques (Supplemental Fig. S12 ). Our results uncovered the role of CLF in the epigenetic silencing of key regulators in a molecular module controlling cell size in embryos.
In Arabidopsis, the WRI1 transcription factor, which promotes lipid biosynthesis (Santos-Mendoza et al., 2008) , is regulated by several upstream TFs, including AGAMOUS-Like 15 (AGL15), FUSCA 3 (FUS3), ABA INSENSITIVE 3 (ABI3), LEAFY COTYLEDON 1 (LEC1), and LEAFY COTYLEDON 2 (LEC2; Zheng et al., 2009 ). We found that AGL15, FUS3, and ABI3 were derepressed in clf-28 siliques (Fig. 3) . Their genomic regions were covered by H3K27me3 modifications in wild-type seedlings (Supplemental Fig.  S9 ). Microarray analysis showed that AGL15, FUC3, and ABI3 were preferentially expressed at the mature-green stage, whereas LEC1 and LEC2 were at the heart and the linear-cotyledon stages, respectively (Supplemental Fig.  S13 ). For WRI1 downstream genes, 10 genes with catalytic activities in seven fatty acid biosynthesis reactions were also derepressed in clf-28 siliques, but none was associated with H3K27me3, suggesting indirect regulations by CLF ( Fig. 4; Supplemental Fig. S14 ). In plants, synthesis of very-long-chain fatty acids such as eicosenoic acid is catalyzed by enlongases. Four of the 21 Arabidopsis enlongases have the capacity to extend the chain length of fatty acids from C18 to C20 and FATTY ACID ELONGATION 1 (FAE1) has the highest catalytic activity (Trenkamp et al., 2004) . Two of the four enlongases were up-regulated in clf-28 siliques, and the most derepressed one was FAE1, which was associated with H3K27me3 marks (Fig. 4) . Stearoyl-acyl-carrier-protein desaturase (SAD) catalyzes fatty acid desaturation. The Arabidopsis genome encodes six SADs, and all of them showed increased expression levels in clf-28 siliques and three of them carried H3K27me3 marks (Fig. 4) . In vascular plants, OLEs are required to stabilize oil bodies (Siloto et al., 2006) . All of the 13 OLEs in the Arabidopsis genome were found derepressed in clf-28 siliques, and Relative expression levels of six transcription factor genes regulating lipid biosynthesis were profiled by RNA-seq in four organs and H3K27me3 modification levels on these gene loci in seedlings. The genomic positions (10-bp sliding windows) with signal -fold changes .2-fold between clf-28 and wild type were presented using bars for gene expression levels or H3K27me3 modification levels. Gray bars present those with gene expression or histone modification changes ,2-fold. Segments present the genomic positions of exons. Inflor., inflorescences.
11 of them were associated with H3K27me3 modifications ( Fig. 4 ; Supplemental Data Set S6. Finally, we confirmed derepression of the TF genes, enlongase genes, SADs, and OLEs in clf-28 siliques using qRT-PCR and reduced levels of H3K27me3 modifications on genomic regions of FUS3 and ABI3 in clf-28 seedlings using ChIP-PCR (Fig. 5) . Our results support the view that CLF silences several key regulators within the molecular module specifying lipid biosynthesis.
DISCUSSION
H3K27me3 Modifications and Transcriptional Repression
In contrast to animal cells where H3K27me3 marks are often deposited on large genomic regions, H3K27me3-enriched regions in Arabidopsis are relatively short and are mainly associated with genomic regions with transcription activities (Zhang et al., 2007) . Around 4,400 to 7,900 annotated genes in Arabidopsis are associated Figure 4 . Derepressed expression level of lipid biosynthesis genes in clf-28. Relative expression levels of 10 fatty acid biosynthesis genes, 2 elongase genes, 6 SAD, and 7 OLE genes profiled by RNA-seq in four different organs and H3K27me3 modification levels on these gene loci in seedlings. The genomic positions with signal -fold changes .2-fold between clf-28 and wild type were presented using bars for gene expression levels or H3K27me3 modification levels. Gray bars present those with gene expression or histone modification changes ,2-fold. Segments present the genomic positions of exons. Inflor., inflorescences.
with H3K27me3 marks, and these are expressed at a relatively low level on a genome-wide basis (Zhang et al., 2007; Lafos et al., 2011) . On several genomic regions such as AG and FLOWERING LOCUS T, H3K27me3 modification and associated transcriptional repression occurred at the same developmental stage in seedlings and inflorescences (Goodrich et al., 1997; Zhang et al., 2007; Farrona et al., 2011; Lafos et al., 2011) . Our transcriptome profiling results of roots, shoots, and inflorescences of clf-28 are consistent with these studies. However, for the majority of H3K27me3-modified genes, genome-wide study has not detected transcriptional derepression in seedlings of PRC2-deficient mutants (Farrona et al., 2011) . These observations raised the issue whether the majority of the thousands of H3K27me3-modified regions detected in seedlings have any transcriptional repression functions.
Our study showed that PRC2-mediated transcriptional repression is highly tissue specific. Derepression of CRGs occurred mainly in siliques and developing seeds of clf-28, providing evidence that H3K27me3 marks are functional in transcriptional repression in Arabidopsis. A recent study showed that ELF6 erased repressive H3K27me3 marks on FLC locus to reactivate its transcription mainly in mature green embryos (Crevillén et al., 2014) . Our experiments identified a large number of genes repressed by CLF with a tissuespecific regulation pattern like that of FLC. This result suggests that the deliberate reprograming/programing of H3K27me3 mark by ELF6/CLF on FLC in maturegreen embryos may be not an isolated case, but this mechanism may also apply to a large number of genes on a genome-wide basis. Our result also suggests that the dynamics of H3K27me3 mark on many genomic loci may only be detected in specific tissues and at specific developmental stages
CLF and PICKLE in Lipid Biosynthesis Regulation
It has long been known that a CHD3/4 chromatin remodeling factor, PICKLE (PKL), is required for regulating lipid biosynthesis genes in plants (Eshed et al., 1999; Ogas et al., 1999) . Many PKL downstream genes, including LEC1, LEC2, FUS3, and ABI3, also carry H3K27me3 marks (Aichinger et al., 2009 (Aichinger et al., , 2011 Zhang et al., 2012) . PKL and some of its regulated genes are highly expressed in siliques, and deficiency in any of these genes showed phenotypes in seeds, suggesting their regulatory role in embryonic development (Dean Rider et al., 2003) . Most of the previous studies used seedling, root, leaf, and inflorescence samples rather than siliques and seeds to investigate the mechanism of PKL and CLF regulation. Here, we found that CLFregulated transcriptional repression on lipid biosynthesis genes is a tissue-specific event and that the regulation mainly occurs in embryos. In view of our results, it will be interesting to further investigate epigenetic repression mechanism of PKL in embryonic samples.
Coordination of CRGs in Regulating Multiple Pathways
We uncovered several transcriptional silencing events mediated by CLF during postfertilization and embryo development. CLF can silence a molecular module comprising AILs, ARGOS, GRFs, and CYP78A7, thereby regulating downstream genes to control cell size in seeds. CLF also functions as a negative regulator of ABI3, FUS3, AGL15, FEA1, SADs, and OLEs to control a molecular module governing seed lipid biosynthesis and storage. Previous studies indicated that these genes have dosage-effect functions (Siloto et al., 2006; SantosMendoza et al., 2008; Breuninger and Lenhard, 2010; Petricka et al., 2012) . According to this view, the epigenetic regulation on these genes mediated by CLF may deliberately adjust expression of developmental traits for evolutionary adaptation. In brief, our results suggested CLF-mediated tissue-specific transcriptional gene silencing may act as a rheostat to coordinate the activities of molecular modules governing multiple pathways (Fig. 6 ).
Regulation on Embryo Development by CLF May Be a Programmed Process
Our morphological and molecular results showed that CRG sets control cell size and lipid biosynthesis at the mature-green stage of embryos. At this stage of embryo development, the cell number and cell identities have largely been determined (Belmonte et al., 2013) . However, transcriptome profiling results showed that CLF was highly expressed at earlier stages of embryo development during which cells in embryos are still undergoing division and differentiation (Belmonte et al., 2013) . These observations suggested that on many genomic regions H3K27me3 marks may be decorated during cell differentiation prior to transcriptional repression that presumably occurs during cell expansion. Therefore, CLF-mediated epigenetic regulation during embryo development may be a programmed process in which cell size control and lipid biosynthesis at the latter developmental stage(s) are predetermined at earlier developmental stage(s).
MATERIALS AND METHODS
Plant Materials
Seeds clf-28 in ecotype Columbia (Col-0) background were provided by the Arabidopsis Biological Resource Center under accession number SALK_139371 (Alonso et al., 2003) . The T-DNA insertion on the fourth exon of CLF disrupted its open reading frame (Doyle and Amasino, 2009; Lafos et al., 2011) . Col-0 (wild-type, wild-type) and clf-28 plants of Arabidopsis (Arabidopsis thaliana) were grown under long-day conditions (22°C, 16-/8-h photoperiod cycles). Shoots including leaves and roots were collected from 2-week-old plants grown on Murashige and Skoog plates. Inflorescences and whole siliques were collected from 5-week-old plants grown on soil. Siliques were also collected at four different stages, and developing embryos at the third stage were isolated (Supplemental Fig. S2 ). All samples were harvested and frozen immediately in liquid nitrogen. Total RNAs extracted using Trizol reagent (Invitrogen) was treated with TURBO DNase I (Ambion) for 30 min and purified using RNeasy Plant Mini Kit (QIAGEN).
RNA-seq Experiments
Strand-specific or regular RNA sequence libraries were prepared with TruSeq RNA sample Prep V2 kit according to the manufacturer's instructions (Illumina). The quality and size of cDNA libraries for sequencing were checked using Agilent 2200 TapeStation system (Agilent, Santa Clara, CA). RNA libraries were sequenced using HiSEquation 2000 sequencing system (Illumine) with 100-cycle single-end sequencing protocol at the Genomic Center of Rockefeller University (Liu et al., 2012) . Samples of the four different silique stages were sequenced using the Illumina TruSeq paired-end protocol (Supplemental Data Set S1).
Analysis of RNA-seq Datasets
The Arabidopsis genome sequence (TAIR10) and annotation files were downloaded from the Arabidopsis Information Resource (Swarbreck et al., 2008) . After quality control analysis of raw sequencing datasets, RNA-seq sequences were aligned to the Arabidopsis genome using TopHat with TAIR10 annotation as the reference (Trapnell et al., 2009) . The mapped sequences of each sample were assembled by Cufflinks (Trapnell et al., 2010) . Fragments per kilobase of exon per million fragments mapped of assembled transcripts were calculated and normalized using Cuffcompare and Cuffdiff with global normalization parameters (Trapnell et al., 2010) . A custom PERL script was used to analyze Cuffdiff results.
We used plant long noncoding RNA database (PLncDB) to browse the high through-put datasets (Jin et al., 2013) . RNA-seq or ChIP-seq sequences were aligned to the TAIR10 genome using TopHat, SAMtools, BEDTools, and a custom PERL script (Li et al., 2009; Quinlan and Hall, 2010) . Converter programs for files with Bed, bedGraph, WIG, and BigWiG formats were downloaded from UCSC Genome Bioinformatics Site (Dreszer et al., 2012) . BigWig-formatted files were integrated into PLncDB. Construction methods of PLncDB were described in our previous study (Jin et al., 2013) .
Differential Expression Analysis
For Affymetrix ATH1 genome array datasets, we updated the probe information to TAIR10 based on the NetAffx Annotation release 34. The normalized signals of CRGs in samples were compared to the average signals derived from the two samples of globular embryo using Empirical Bayes t test. The CRGs with P-value of Empirical Bayes t test , 0.01 and fold-change in at least one sample . 8 were considered as significant induction. Hierarchical clusters of CRGs expression levels in 87 samples were analyzed using R and "Hclust" package with "complete" parameter (Cameron et al., 2012) .
For analysis of RNA-seq datasets, we used Tophat, SAMtools, Cufflinks, Cuffcompare, HTseq-count, and DESeq2 to perform differential expression analysis for strand-specific RNA-seq datasets (Li et al., 2009; Trapnell et al., 2009; Anders and Huber, 2010; Trapnell et al., 2010; Chandramohan et al., 2013) . Read numbers on each gene were aligned and calculated using Tophat, SAMtools, and HTseq-count based on a GTF-formatted file produced by Cufflinks and Cuffcompare (Li et al., 2009; Trapnell et al., 2009; Trapnell et al., 2010; Chandramohan et al., 2013) . Then, we applied DESeq2 to normalize expression levels and perform differential expression analysis based on the negative binomial distribution (Anders and Huber, 2010) . Genes with normalized expression fold-change .2, significance P-value , 0.01, and BenjaminiHochberg adjusted P-value/false discovery rate , 0.1 were considered as differentially expressed genes.
Analysis of ChIP-chip and ChIP-seq Datasets
The signal intensity files of ChIP-chip and the fastaq-formatted sequences of ChIP-seq datasets were downloaded from public databases (Supplemental Data Set 1; Oh et al., 2008; Bouyer et al., 2011; Deng et al., 2013) . For analysis of Affymetrix tiling array datasets, we updated probe information to TAIR10 using the annotation files provided by Affymetrix. Signal intensities with replicates were normalized using Quantile method (Bolstad et al., 2003) . Statistical significance of each H3K27me3 peak on chromosomes and statistical significance values were scanned based on hidden Markov model using CisGenome and TileMap (Ji et al., 2008) . For analysis of NimbleGen tiling array datasets, we selected the best and unique match for each probe on the Arabidopsis TAIR10 genome using BLASTn. Then, we scanned for modification peaks by the method used in the original paper (Bouyer et al., 2011) . For analysis of ChIP-seq datasets, we aligned the fastaq-formatted datasets to the Arabidopsis genome TAIR10 using bowtie2 (Langmead and Salzberg, 2012) . The protein binding sites on genome were identified using MACS (Zhang et al., 2008) .
GO and Pathway Analysis
GO enrichment analysis was performed using GOEAST based on hypergeometric test, where all the TAIR10 annotated genes were considered as the entire population and significantly up-regulated ones in clf-28 siliques as sampling points (Zheng and Wang, 2008; Zhang et al., 2010) . Pathway annotation was downloaded from AraCyc pathway database and the Arabidopsis Acyl-Lipid Metabolism Web site (Mueller et al., 2003; Li-Beisson et al., 2010) . Transcription factor annotation datasets were downloaded from AGRIS and DATF databases (Guo et al., 2005; Yilmaz et al., 2011) .
Light Microscopy
Seed samples were excised from mature Arabidopsis seeds and fixed overnight in 2.5% glutaraldehyde in 0.1 M phosphate buffer, pH 7.2. After rinsing three times in 0.1 M phosphate buffer for 15 min, seed samples were then postfixed in 1% (w/v) aqueous OsO 4 for 1 h. Tissues were dehydrated in an ethanol series and embedded in Spurr's resin. Semithin sections (500 nm) were stained in 0.1% toluidine blue and photographed with a Zeiss Axioplan2 microscope (Carl Zeiss). Cell number in a specific region of seed was counted under a microscopy. The cell size in each sample was obtained using ImageJ (Hartig, 2013) . We used five seed sections of Col-0 and clf-28 to calculate the mean and SE.
Transmission Electron Microscope
Seed samples were fixed overnight in 2.5% glutaraldehyde solution in 0.1 M phosphate buffer (pH 7.2) at 4°C, washed three times in 0.1 M phosphate buffer, and postfixed in 1% osmium tetroxide in 0.1 M phosphate buffer for 1 h at 4°C. The samples were then gradually dehydrated with ethanol, embedded in Spurr's resin, and sectioned on the Lecia Ultracut UCT ultramicrotome equipped with diamond knives. Ultrathin sections were double stained with uranyl acetate and lead citrate and observed under a JEOL JEM-1230 (JEOL) electron microscope at 120 kV.
7890 GC with 5975C MS (Agilent). The results were presented as means 6 standard deviations.
RT-PCR on ChIP-Derived DNA Materials
We performed chromatin preparation and immunoprecipitation using the method described in our previous study (Jang et al., 2011) . Seedling samples were fixed in 1% formaldehyde for 10 min. The reaction was terminated by incubation for 5 min in a vacuum. Seedlings were rinsed three times and frozen in liquid nitrogen. Chromatin was sheared to approximately 500-bp fragments by sonication (Diagenode Bioruptor UCD-200). We used anti-H3K4me3 (Active Motif; 39,159) and anti-H3K27me3 (Millipore; 07-449) antibodies to perform immunoprecipitation. Immune complexes were eluted from the protein A or G agarose/salmon sperm DNA beads (Millipore) and reverse cross-linked by incubation for 6 h at 65°C. The samples were then treated with proteinase K for 1 h. DNA was extracted using the QIAquick PCR purification kit (Qiagen). qRT-PCR reactions were performed using SYBR Premix Ex Taq (TaKaRa) in the CFX96 real-time system (Bio-Rad) and ACTIN7 was used as a control. Error bars in each graph gave SD (n = 3). The primers are listed in Supplemental Data Set S7.
qRT-PCR
A total of 1 to 2 mg of DNase I (RNeasy plant mini kit) treated RNA was reverse transcribed using SuperScript III (Invitrogen) and oligo(dT) primer. cDNA was analyzed by quantitative PCR using SYBR Premix Ex Taq (Takara) in a Biorad CFX96 real-time PCR system. All qRT-PCR reactions were performed in triplicates for each cDNA sample with an annealing temperature of 60°C and a total of 40 cycles of amplification. The primers are listed in Supplemental Data Set S7.
Accession Numbers
Detailed information of RNA-seq experiment and the fastaq-formatted sequence datasets are available on the NCBI Gene Expression Omnibus database (http://www.ncbi.nlm.nih.gov/geo/) under accession numbers GSE61545, GSE55866, and GSE68080.
Supplemental Data
The following supplemental materials are available.
Supplemental Fig. S1 . Expression specificities of FLC, AG, and CLF in embryos.
Supplemental Fig. S2 . Siliques at four different developmental stages used for RNA-seq experiments.
Supplemental Fig. S3 . Gene clusters with enriched CRGs are preferentially expressed at the mature-green stage.
Supplemental Fig. S4 . Regulation of CRGs by CLF in embryos at the mature-green stage.
Supplemental Fig. S5 . Developmental defects in vegetative and reproductive organs of clf-28.
Supplemental Fig. S6 . Seed weight and fatty acid content in wild-type and clf-28 seeds.
Supplemental Fig. S7 . Oil bodies in wild-type and clf-28 seeds.
Supplemental Fig. S8 . Phenotype and qRT-PCR verification in salk_088542 plants.
Supplemental Fig. S9 . H3K27me3 marks on pCTGs.
Supplemental Fig. S10 . Experimental verification of pCTGs by qRT-PCR and ChIP.
Supplemental Fig. S11 . Expression specificities of the genes controlling cell size in embryos.
Supplemental Fig. S12 Experimental verification of CRGs controlling cell size by qRT-PCR.
Supplemental Fig. S13 Expression specificities of the genes controlling fatty acid biosynthesis in embryos.
Supplemental Fig. S14 . CLF regulates several reactions in fatty acid synthesis pathway.
Supplemental Datasets 1-7.
